INTRODUCTION
The S-RNase-based GSI system has been found in the families Solanaceae, Rosaceae, and Scrophulariaceae. Haplotypes of a single S locus determine the specificity of self and non-self discrimination; when an S haplotype in the haploid pollen matches one of two S haplotypes in the pistil, then the pollen is recognized as "self" and rejected by the pistil (de Nettancourt, 2001 ). The S haplotype contains two closely linked S-specificity genes, pistil S and pollen S. While pistil S has been known to be the S-RNase gene, identity of the pollen S has long been unknown until recently (Kao and Tsukamoto, 2004; McClure and Franklin-Tong, 2006) . Findings of SLF/SFB as the pollen S gene suggested that the F-box protein determines the pollen S-specificity (Entani et al., 2003; Sijacic et al., 2004; Ushijima et al., 2003 Ushijima et al., , 2004 . Since the well-documented function of F-box protein is substrate recognition as a component of SCF complex, a kind of E3 ubiquitin ligase, it has been hypothesized that SLF/SFB recognizes non-self S-RNase in compatible pollen tubes and ubiquitinylates it for degradation by the 26S proteasome (Hua and Kao, 2006; Qiao et al., 2004; Ushijima et al., 2003 Ushijima et al., , 2004 . However, recent immunolocalization and immunoblot analyses have shown that S-RNase is incorporated into vacuoles inside pollen tubes and that the amount of S-RNase is not significantly different between compatible and incompatible pollinations (Goldraij et al., 2006) . Consequently, how SLF/SFB and S-RNase interact to trigger the self-incompatibility reaction is still largely unclear.
Although Solanaceae and Prunus species use a similar molecule as the pistil Sdeterminant (S-RNase), clear differences have been reported for pollen S. First, pollen S in Prunus (SFB) shows much higher allelic diversity (66 to 82.5% amino acid identity; Ikeda et al., 2004) than pollen S (SLF) in Solanaceae (88.4 to 89.4% amino acid identity; Sijacic et al., 2004) . Second, diploid pollen from the Prunus tetraploid is frequently capable of normal self-incompatibility function (Hauck et al., 2006) , but heteroallelic pollen from Solanaceae always shows breakdown of SI (competitive interaction) (de Nettancourt, 2001 ). Finally, in Solanaceae, SLF is considered to be essential for pollen viability because all the pollen-part mutations were duplications of pollen S and no deletion type was recovered even after large-scale screening of X-ray induced mutants (Golz et al., 2001) . In contrast, deletion of SFB results in pollen-part self-compatibility in Prunus (Sonneveld et al., 2005) . These differences in pollen S may reflect a mechanistic diversity of GSI systems among species.
Rosaceae comprises four subfamilies: Spiraeoideae, Rosoideae, Maloideae, and Amygdaloideae. In species of Maloideae and Amygdaloideae, the GSI mechanism has been studied at a molecular level and S-RNases have been characterized extensively; however, the pollen S gene (SFB) has been identified only in Prunus, a species of Amlygdaloideae. The recent finding that Prunus SFB barely causes competitive interaction in heteroallelic pollen prompted Hauck et al. (2006) to suggest that pollen S in Prunus may be different from pollen S in Solanaceae. However, competitive interaction of pollen S has been documented in pear (Pyrus communis), a species of Maloideae (Crane and Lewis, 1941; Lewis and Modlibowska, 1942) 
. Characterization of pollen S in Maloideae and comparison of it to its counterparts in Prunus and
Solanaceae is likely to shed light on the mechanism and evolution of the S-RNase-based GSI system. However, attempts to isolate pollen S in Maloideae through a homologybased approach with Prunus SFB sequence information has been unsuccessful (Suzuki and Sassa; unpublished results) , most likely because of sequence diversity of pollen S between these subfamilies.
Here, we analyzed the apple S locus, a species of Maloideae, to identify pollen 
Construction of BAC and Cosmid Contigs:
A BAC library of the apple cultivar Florina (Vinatzer et al., 1998) was obtained from Texas A&M University and screened using the apple S 9 -RNase cDNA (synonym of S c -RNase; Sassa et al., 1996) as a probe.
Overlapping clones were obtained by screening the library with probes from different positions in the initial BAC clones.
The cosmid library for the cultivar Nijisseiki (S 2 S 4 ; Sassa et al., 2002) was screened using the S 4 -RNase cDNA (Sassa et al., 1997) as a probe. Overlapping clones were then obtained using the method described by Ushijima et al. (2001) .
Shotgun Sequencing: The S 9 -haplotype-derived BAC clones (34G16, 45M19, and 90A15) were subjected to shotgun sequencing at Hitachi High-Tech Science Systems (Ibaraki, Japan) (Iwashita et al., 2003) . For each BAC clone, a fivefold sequence coverage was assembled, and gaps were filled by PCR and by direct sequencing of BACs. The assembled sequence was further verified by PCR.
Construction of Phylogenetic Trees F-Box Proteins:
Amino acid sequences of F-box proteins were aligned using ClustalX (Thompson et al., 1997) and manually optimized.
A neighbor-joining tree was constructed using the alignment (Saitou and Nei, 1987) .
Protein distances among pairs of sequences were produced using the PAM Dayhoff matrix (Dayhoff et al., 1979) implemented by the PROTDIST program in PHYLIP (Felsenstein, 2005) . For each distance matrix, a bootstrap analysis was performed by randomly selecting amino acid positions for replacement to produce 1000 replicate protein distance matrices upon which the neighbor-joining was performed.
Isolation of Nucleic Acids: Genomic DNAs were isolated from leaves as described by Doyle and Doyle (1990) and Sassa and Hirano (1998) . RNAs were isolated from leaves and floral organs as described by McClure et al. (1990) . Amplification of SFBB genes from the Japanese pear cosmid clones and from the Nijisseiki genomic DNA was conducted using primers FjpFB1
PCR and RACE:
(CCAAGTCTCTGATGMGRTTCAAATG) and RjpFB1
(SRGTTAGKWGTTTTGTCCATGAAC), which were designed to amplify all SFBB sequences.
Total RNA from the pollen of Kosui was used for 3'RACE with using FMdSL21 as a specific primer. 5'RACE was conducted with using specific primers PpSLFLr1 (AGAAGGATACAAGTGGAGGATG) and PpSLFLr2
(AATTGCTGAGGTGTTTGGCC) essentially as described by Ushijima et al. (2003) .
Full length cDNAs of PpSFBBs were amplified by 3'RACE with using specific primers listed in supplemental Table 1 at http://www.genetics.org/supplemental/.
DNA and RNA Blot Analysis: Five micrograms of genomic DNAs digested with
HindIII was separated and blotted onto a nylon membrane. The membrane was probed with the digoxygenin-labeled cDNAs for genes expressed in pollen, washed, and visualized as described by Ushijima et al. (2001) . An RNA blot analysis also was conducted as described by Sassa et al. (1997) .
CAPS and RT-PCR/CAPS:
Genomic DNAs of Japanese pear cultivars were used as templates for PCR amplification of SFBB genes. The PCR products were digested with restriction enzymes to detect specific CAPS bands. The primers and enzymes are listed in supplemental Table 2 at http://www.genetics.org/supplemental/. A CAPS analysis of the S-RNase genes also was conducted using the method described by Takasaki et al. (2004) .
RNAs from the leaf and the floral organs of apple 'Sekai-ichi' and Japanese pear 'Kosui' were treated with DNaseI (Nippongene sequences of ten SFBB genes from apple and Japanese pear were aligned using the ClustalX program (Thompson et al., 1997) and manually adjusted. Based on the alignment, a NVI was calculated for each site (Kheyr-Pour et al., 1990) . Sites with an NVI over -0.25 were identified as the most variable sites.
Calculation of Ka and Ks
Values: DNA sequences were aligned using GENETYX-MAC (version 13 by Software Development Co., Tokyo, Japan). After gaps were removed, a codon-by-codon alignment was carried out manually. Based on the alignment, DNAsp (Rozas et al. 2003) were used for the calculation of Ka and Ks values.
RESULTS

Construction of BAC contigs for the Apple S Locus:
A BAC library from the apple cultivar Florina (Vinatzer et al., 1998) was screened using S 9 -RNase cDNA as a probe.
Of the five clones obtained, three contained an S
9
-RNase gene and two included an S 3 -RNase gene. For the S 9 -haplotype-derived clones, overlapping BAC clones were further screened. End-sequence probes derived from the initial BAC clones produced smear patterns on apple genomic DNA blots, suggesting that they contained repetitive sequences and were not suitable for library screening. The BAC clones were then subjected to shotgun sequencing, and the draft data were used to select candidate probes to identify further BAC clones. The library was screened with probes that produced single bands on genomic DNA blots. Ultimately, a BAC contig consisting of seven overlapping clones corresponding to the S 9 haplotype was constructed. A schematic representation of the BAC contig is shown in Figure 1a . RiceGAAS (Rice Genome Automated Annotation System; Sakata et al. 2002;  http://ricegaas.dna.affrc.go.jp/index.html), which automatically analyzes large sequences by using several programs for prediction and analysis of protein-coding sequence, for example, Blast (Altschul et al., 1990) , AutoPredLTR (Sakata et al., 2002) , and GENSCAN (Burge and Karlin, 1997) .
Analysis of a 317 kb
GENSCAN identified 71 open reading frames (ORFs) ( Table 1) . Of the 71
ORFs, 27 are homologous to retrotransposons, 36 show no significant homology to sequences in the databases, and three are similar to hypothetical proteins of rice, Medicago and Arabidopsis. Five ORFs-ORF20, ORF29, ORF43, ORF61, and ORF63-show homology to known genes. ORF43 was identified as the S 9 -RNase gene, and ORF 63 was shown to be homologous to a putative aminotransferase of rice.
ORF20, ORF29, and ORF61 are homologous to Prunus SLFL1, a monomorphic F-box gene found in the S locus (Entani et al., 2003; Ushijima et al., 2003) . ORF29 and ORF 61 were named MdSFBB 9-α and MdSFBB 9-β (S locus F-box brothers of Malus domestica), respectively. MdSFBB 9-α and MdSFBB 9-β are located 42 kb upstream and 93 kb downstream of the S 9 -RNase gene, respectively ( Figure 1a ). Although ORF20 is homologous to SLFL1 and to the MdSFBB genes, the predicted amino acid sequence of 87 amino acid residues is much shorter than that of the SFBB genes (392 aa).
Furthermore, while the downstream sequence of the stop codon for ORF 20 is also homologous to MdSFBB genes, it contains several indels including a 1.4 kb insertion of unknown sequence; thus, ORF 20 was considered to be a pseudogene and named SFBB genes showed 58.4 to 99.0% deduced amino acid identity with each other (Table 3) . While apple SFBB genes from same haplotypes were more similar to other haplotypes, Japanese pear genes were more related to other haplotype genes of the same group (i.e., α-, β-, and γ-groups) (Table 3, SFBB Genes Are Specifically Expressed in the Pollen: Organ-specific expression of the SFBB genes was analyzed using RNA blotting. Pollen-specific signals were detected for all SFBB genes ( Figure 6 ). Since the SFBB genes show relatively high homology with each other in some pairs as is the case with SLF (Sijacic et al., 2004) , these RNA blot results may suggest that each respective SFBB gene and/or its homologous gene(s) are specifically expressed in the pollen.
To determine whether each SFBB gene is specifically expressed in the pollen, an
RT-PCR was performed in combination with a CAPS analysis (RT-PCR/CAPS).
cDNAs derived from different organs were subjected to CAPS analysis to detect target, sequence-specific restriction fragments. Results showed that all the SFBB genes are actually and specifically expressed in pollen ( Figure 7 ). Figure   8c ).
Nucleotide Substitution Patterns of SFBB Genes : For SI genes, new specificity is considered to have reproductive advantage and tend to be maintained in a population.
A sequence comparison has shown that SI genes have excess nonsynonymous substitutions, which supports the hypothesis that they are positively selected (Newbigin and Uyenoyama, 2005) . Consequently, we analyzed SFBB sequences to determine whether they show nucleotide substitution patterns similar to known SI genes.
We used a codon-by-codon alignment of SFBB sequences to calculate the ratio of the nonsynonymous substitutions per nonsynonymous site (Ka) to the synonymous substitutions per synonymous site (Ks), or Ka/Ks. A similar analysis also was conducted for Prunus SFB, Petunia SLF, and Antirrhinum SLF. (Table 4) . These values indicate that SFB and SFBB are more diverged than SLF. As whole molecules, the Ka/Ks values for all the genes were less than 1 and were lower than the Ka/Ks values for S-RNases: Maloideae, 0.83; Prunus, 0.54; Solanaceae, 0.75 (Ma and Oliveira, 2002) . This may be due, partly, to the larger size of the F-box genes compared to the S-RNase genes and, partly, to the limited region(s) critical for recognition. For genes involved in recognition systems such as SI and disease resistance, it is known that the portions related to recognition are under positive selection Ishimizu et al., 1998; Bergelson et al., 2001 ).
To detect diverged amino acid sites that may be important for recognition, a normed variability index (NVI, Kheyr-Pour et al., 1990 ) was calculated for the SFBB genes. Forty-eight variable sites were detected (Supplementary material; Figure S1 ).
Four regions with particularly rich variable sites were named V1 to V4 ( (Table 5) . These values suggest that V1 and V2 are under positive selection and that the F-box region is under purifying selection.
DISCUSSION
Organization of the S Locus of Maloideae : Aiming to identify the pollen S gene in
Maloideae, a subfamily of Rosaceae, we completely sequenced the 317 kb apple S 9 haplotype. This represents-along with the 328 kb Petunia S 2 haplotype )-one of the largest sequence for the S locus. In the 328 kb Petunia S 2 haplotype sequence, 31 ORFs showed high similarity to retrotransposons .
Comparable numbers were found in the 317 kb apple S 9 haplotype: 27 of 71 predicted
ORFs were homologous to retrotransposons. Although it has been suggested that the retrotransposon-rich organization of the Petunia S locus may reflect its centromeric location , there are no data showing the subcentromeric localization of the Maloideae S locus.
Several findings show that the Maloideae S locus is larger than the Prunus S locus. Analysis of the Japanese pear S 4sm haplotype showed that the pollen S gene must be located outside the deletion region by at least 110 kb. Additionally, the distances of MdSFBB 9-α and MdSFBB 9-β from S 9 -RNase gene are 42 kb and 93 kb, respectively. In contrast, the distances between Prunus S-RNases and SFBs are 380 b to 36 kb Yamane et al., 2003) . Differences in the size of the S locus between species also has been reported in Brassica, a species with sporophytic SI.
The S-locus region of B. oleracea is much larger than that of B. rapa (Fujimoto et al., 2006) . Expansion of the S locus region in B. oleracea has been partly attributed to the insertion of retrotransposons, which suggests higher retrotransposon activity in B.
oleracea than in B. rapa (Fujimoto et al., 2006) . It should be noted that Maloideae is considered to be of polyploid origin (Evans and Campbell, 2002) , and polyploidization can activate retrotransposons (Madlung et al., 2005) . The abundant retrotransposons found in the apple S locus may help to prevent recombination at the chromosomal region and to maintain the tight linkage between S-RNase and pollen S allele.
Related, Multiple, Polymorphic, and Pollen-Specific F-Box Genes in the S Locus of
Maloideae: Sequence analyses have revealed that the S loci of Prunus, Petunia, and Antirrhinum contain several F-box genes in addition to the pollen determinant SFB/SLF (Entani et al., 2003; Lai et al., 2002; Wang et al., 2004; Ushijima et al., 2003) . In these species, however, each F-box gene is a single copy in a haplotype. In contrast, the S haplotypes of apple and Japanese pear contain two or three copies of the SFBB SFBB genes, therefore, represent the first case of related and multiple F-box genes in the S locus. Initially, occurrence of multiple SFBB genes in a haplotype may appear inconsistent with the idea that they are the pollen determinant of GSI; the pollen-part factor F-box genes are single copy genes in Prunus (SFB: Entani et al., 2003; Ushijima et al., 2003; Yamane et al., 2003) and in Petunia (SLF: Sijacic et al., 2004 supports the idea that these regions are critical for S specificity Ishimizu et al., 1998) . Positive selection detected in the variable regions of the SFBB genes is also consistent with the possible "self" recognition function of the protein.
Although the Ka/Ks values of the V3 and the V4 regions were less than 1, this may be due, partly, to high Ks values in these regions and/or to gaps in the V4 region, and may not exclude their potential importance in recognition.
The exceptional feature of SFBB as the pollen S candidate is its multiplicity. It is possible that only one SFBB gene in a haplotype is the pollen determinant. However, this seems unlikely, since pear shows competitive interaction (Crane and Lewis, 1941; Lewis and Modlibowska, 1942) and multiple SFBB genes with S-specific polymorphisms are expressed in pollen with normal GSI function. Expressed non-S SFBB genes may competitively interact with the pollen S SFBB to breakdown GSI in pollen. Another possibility is that all the expressed SFBB genes act together as the pollen determinant. Analyses of pollen-part, self-compatible mutations of Prunus have found that all mutations, both natural and X-ray induced ones, were loss-offunction type (Sonneveld et al., 2005; Ushijima et al., 2004) . However, loss-offunction mutations have not been reported in Maloideae, and pollen-part breakdown of GSI has been interpreted as a result of competitive interaction in tetraploid plants (Crane and Lewis, 1941; Lewis and Modlibowska, 1942) . The occurrence of multiple pollen S genes also may explain the absence of deletion type of the pollen selfcompatible mutation in Maloideae. However, sequence divergence of SFBB copies in a single haplotype may be unusual if the copies are only for backup function.
Although duplication of a pollen S gene was reported for the S b -haplotype of selfincompatible Arabidopsis lyrata, which exhibits sporophytic SI, sequences of the two copies of the SCR b genes were identical with each other ). An interesting possibility is that SFBB proteins form a multimer in pollen as suggested by Luu et al. (2001) . However, other possibilities that only one of the SFBBs in a haplotype or none of them are involved in pollen S specificity can't be excluded at present. Functional characterization of SFBB in pollen and a comparative analysis of the apple S locus structure with those of other species will shed light on the mechanism, variation, and evolution of the the S-RNase-based GSI system.
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